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Reuse of LiCoO, Electrodes Collected from Spent Li-lon
Batteries after Electrochemical Re-Lithiation of the

Electrode

Katja Lahtinen,” Eeva-Leena Rautama,” Hua Jiang,” Samuli Risénen,'” and Tanja Kallio*"

The recycling of used Li-ion batteries is important as the
consumption of batteries is increasing every year. However, the
recycling of electrode materials is tedious and energy intensive
with current methods, and part of the material is lost in the
process. In this study, an alternative recycling method is
presented to minimize the number of steps needed in the
positive electrode recovery process. The electrochemical per-
formance of aged and re-lithiated Mg—Ti-doped LiCoO, and

Introduction

The demand for lithium-ion battery applications in both
consumer electronics and electric vehicles is increasing rapidly.
Between 2010 and 2018 the annual increase in demand has
been 30% with the 2018 volume being 180 GWh, and in the
future the market is expected to continue growing approx-
imately 25% annually.”” This will lead to resource shortages and
increases in the prices of several critical metal elements, such as
lithium and cobalt, vital for the electrode production.™
Because of this, recycling and reusing materials in lithium-ion
batteries has become an interesting topic. The first papers were
published already in the turn of the century®®™® but in the 2010s
the research interest has skyrocketed.

Generally, three alternative recycling methods for lithium-
ion batteries exist: hydrometallurgy-, pyrometallurgy- and
biometallurgy-based routes.”® Hydrometallurgy-based routes
typically have a high extraction rate, a high metal selectivity
and a low energy consumption.**'® However, the processes
are often complicated with several steps and utilize concen-
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stoichiometric LiCoO, was investigated and compared. The
results showed that after re-lithiation the structure of original
LiCoO, was restored, the capacity of an aged LiCoO, reverted
close to the capacity of a fresh LiCoO,, and the material could
thus be recovered. The re-lithiated Mg-Ti-doped LiCoO,
provided rate capability properties only slightly declined from
the rate capability of a fresh material and showed promising
cyclability in half-cells.

trated acids, which easily generates large amounts of waste
solutions. Pyrometallurgy-based methods have a high efficiency
and they are easy to scale up.'®'”! On the other hand, the high
temperatures needed in the processes lead to high energy
consumption and emissions. In addition, the recovery of lithium
is difficult.”"” Biometallurgy-based methods utilize bacteria to
extract metals from the spent lithium-ion batteries."®'® The
methods are usually quite inexpensive, but as a downside the
extraction processes are slow.””

Lithium-ion batteries can be recycled either by processing
the whole battery,?'** or dismantling the cells before starting
the recovery process.5%'21%192531 The |atter has been more
popular in the literature, but the dismantling can be a laborious
process without proper equipment. One could argue that this
method is not easy to scale-up for industrial purposes. However,
for example Nan etal™ reported about 5000 spent cells
dismantled in 1 h, which indicates that scaling up should be
possible. The advantage of recycling a whole lithium-ion battery
is that the possibly challenging dismantling process is skipped,
and thus one process step is reduced. However, having all the
battery components in the same material flow initially can
increase the amount of impurities in the final product. Addi-
tional process steps might be necessary to reduce the impurity
concentrations in the recycled material.®*” Even if most of the
elements are recovered with the above-mentioned methods,
the typical layered structure of the metal oxide intercalation
compounds is almost certainly lost, and the material down-
graded. Typically, the positive electrode materials are reduced
to more low-value chemicals, such as CoSO,*'*#%3" Co-
(OH),,5**4 CoCO,,%* and Li,CO,,"*'****'3? during the recycling
process. To synthesize these compounds back to Li-ion battery
electrode materials requires energy. Therefore, if the structure
of the original electrode material can be spared during the
recycling process, potentially both energy and money will be
saved. Up to date, studies about LiCoO, reuse without material
decomposition are rare, though recently a few have been

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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published.®** Zhang etal,®@ for example, have recently
shown that the re-lithiation of Li,CoO, electrode is possible
without removing the active material from the current collector
foil. However, in all these studies, LiCoO, was at some point
removed from the current collector. Therefore, interestingly,
despite the intensive study on lithium-ion battery recycling, the
use of cycled electrodes without removing the active material
from them has not been investigated thus far.

With the commercial success of Li-ion batteries, it is natural
that their aging mechanisms have been investigated widely.
The processes leading to the capacity fade include electrolyte
decomposition, Li deposition on the negative electrode, active
material dissolution, structural changes in the active material,
separator pore closure and increase in the «cell stack
pressure.’*? While all the above-mentioned mechanisms do
affect the cell capacity, the electrolyte decomposition through
the formation of a solid electrolyte interphase (SEl) on the
negative electrode can be considered as the most dominant.
The SEI formation consumes lithium, which leads to the loss of
lithium in the positive electrode. While the loss of lithium
decreases the capacity of the whole cell, the positive electrode
may stay relatively unharmed with only small structural changes
observed."" If the original structure of the positive electrode
can be preserved during the recycling process instead of the
above-mentioned material downgrading, both the energy
consumption and the synthesis expenses will be reduced.

In the post-mortem studies of aged lithium-ion batteries,
electrodes extracted from spent batteries have been used to
investigate the aging processes of the materials. Both half
cells,”™ with negative or positive electrode as a working
electrode and metallic Li as a reference, and reconstructions to
full cells"***8 have been used. However, to the best of our
knowledge, the research has focused solely on the aging
mechanisms while no comprehensive electrochemical inves-
tigation focusing on the reuse has been conducted. On the
other hand, these studies have proved that constructing
properly working cells using aged electrodes is possible. There-
fore, in this work the recovered positive electrodes from the
aged pouch cells are assembled into half cells, and their
electrochemical properties are tested keeping the material
recycling in mind.

Results and Discussion
Characterization of the aged and re-lithiated electrodes

The LiCoO,/graphite pouch cells were aged to two different
state of health (SOH) values of 90 and 70% in the voltage range
of 3.0-4.4 V. Typically, capacity loss to SOH 80% is considered
as the end-of-the-life criteria for Li-ion batteries. These inves-
tigated pouch cells have earlier been shown to provide long
cycle life in the voltage range of 3.0-4.2 V. For this study, the
relatively high upper voltage limit of 44V was chosen to
provide information in an industrially relevant voltage range,
and the relative capacity loss of the investigated materials
during the cycling is presented in Figure S1 in the Supporting
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information. After reaching the targeted SOH, the aged LiCoO,
(LCO) electrodes from the fully discharged batteries (i.e., with
LCO lithiated) were collected and electrochemically re-lithiated.
Two different LCOs were used: essentially stoichiometric LCO
with the experimental composition of Liys,C0o0, (abbreviated as
S—LCO) to represent a standard LiCoO,, and Mg—Ti doped LCO
with the stoichiometry of Lijg;(MJg005Ti0.002C00004)0, (abbrevi-
ated as D—LCO).

The chemical composition, structure, and morphology of
the original, aged, and electrochemically re-lithiated LCO
electrodes were investigated using X-ray diffraction (XRD),
Raman spectroscopy, electron energy loss spectroscopy (EELS)
and scanning electron microscopy (SEM). The compositions of
the original LCOs provided by the material manufacturer are
presented in Table S1 in the Supporting information. The Li/Co
ratio is observed to be slightly below 1 for both the
investigated materials, most likely due to Li loss during
synthesis.*? D—LCO is observed to contain 0.5 mol% of Mg and
0.2 mol% of Ti.

XRD and Raman spectroscopy offer information about the
structure of the aged and re-lithiated samples, and the patterns
of the investigated materials are presented in Figures 1 and 2.
Based on the XRD data, both the LCO active materials have
well-defined, crystalline structure. The compositions of the
mixed materials were analyzed using the Le Bail method and
the program Fullprof.”® Two separated phases are observed in
both the formatted and the aged materials. The first of the
phases corresponds to the typical rhombohedral structure of
lithium cobalt oxide (analyzed using a hexagonal setting and
noted here as H1). The second phase corresponds best to a
similar structure (noted as H2) but with an expanded lattice,
2ay, X 2a,; X = €y, resulting from vacancy ordering and adapted
from the work by Yahia et al.”” The vacancy-ordered cell was
chosen as the fitting results at certain areas were better against
a non-ordered cell, although the actual supercell reflections
could not be evidenced with the laboratory XRD. Representative
samples were air-protected by a Mylar film during measure-
ments (reflections marked with a dot), and occasionally the Al
current collector is visible as well (marked with a diamond).
Other crystalline impurities are not observed within the limits of
a powder XRD. The reliability factor values for the weighted
profile in the Rietveld analysis (R,,) are between 11-19% while
the expected reliability factor of the data in the Rietveld analysis
(R.) for present data is 7-10% due to the relatively small
amount of the sample available.

Lattice parameters are presented in Table 1. The values
show that for fresh S—LCO and D—LCO, the lattice parameter a
is approximately the same while the lattice parameter c is
smaller for S—LCO than for D—LCO. For the formatted samples,
the a parameter is slightly larger and the ¢ parameter smaller
for S—LCO compared to D—LCO in both the observed phases. A
plausible explanation for the difference is the size of the
dopants,“*?*% and the pristine structure of the materials is
presented in more detail in our previous work.* During the
aging, changes occur in the lattices of the materials. The ¢
parameters of both the phases increase for the stoichiometric
and doped material except for the S—LCO sample aged to 90%.

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 1. (a) XRD patterns of the formatted, aged, and re-lithiated S—LCOs and D—LCOs. (b) Magnification of the data near the divided (003) reflection at 18.6—
19.0°.
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typically vacancies are found when the loss of Li in Li,CoO,
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Both the a parameter and the ¢ parameter of the re-lithiated
samples have similar values to the fresh samples, indicating
that the stretch caused by the removal of Li is reverted. The
samples re-lithiated after longer cycling the (SOH 70%) have
similar lattice parameters compared to the samples after shorter
The increase in ¢ parameter of LiCoO, is attributed to  cycling discontinued to SOH 90%. This indicates that at least
decreasing state of charge (SOC)," in other words with the loss  within the SOH of 70-100%, the LCO materials can be revived

Wavenumber / cm™!

Figure 2. Raman spectra of the formatted, aged, and re-lithiated LCO
samples.

Table 1. Selected structural parameters of the formatted, aged, and re-lithiated LCO samples extracted from the LeBail fittings. Phase fractions (H1/H2) are

visual estimates based on the structure simulations.”

Sample [ Chn (4% Ch2 H1/H2 (lor2+ loos) ron
[A] [A] [A] [A]

S—LCO fresh 2.8162 14.053 - - 100:0 0.57

S—LCO form. 2.8158 14.055 5.6258 14.194 80:20 -

S—LCO 90% 2.8145 14.062 5.6251 14.191 10:90 -

S—LCO 70% 2.8147 14.064 5.6245 14.199 10:90 -

S—LCO 90% re-Li 2.8164 14.054 - - 100:0 -

S—LCO 70% re-Li 2.8161 14.053 - - 100:0 0.77

D-LCO fresh 2.8161 14.062 - - 100:0 0.53

D-LCO form. 2.8148 14.057 5.6231 14.194 70:30 -

D—LCO 90% 2.8156 14.068 5.6247 14.199 35:65 -

D—-LCO 70% N - 5.6236 14.225 0:100 N

D—LCO 90% re-Li 2.8161 14.058 - - 100:0 -

D—LCO 70% re-Li 2.8160 14.058 - - 100:0 0.64

[a] Phase 1: R-3 m (#166), hexag. setting ay, X ay, X cy;. Phase 2: R-3 m (#166), hexag. setting 2a,; X 2a,; X ~ Cy;.
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similarly, which is also supported by the appearance of the
phases H1 and H2. For both the materials the amount of H2
increases with the aging while the amount of H1 decreases.
Based on the length of the ¢ parameter, the H2 phase
corresponds to approximately x=0.75 in Li,CoO,"® and hence,
its appearance indicates that Li is lost from the material with
aging. It should be noted that even in the formatted samples,
H2 is observed designating that a considerable amount of Li is
lost already during the first cycle of the aging. In the re-lithiated
samples only H1 is observed denoting that the lost lithium is
restored in the lattice.

To understand the crystal structures of the re-lithiated
materials better, the intensity ratio of the Bragg reflections (/y;,
+lgoe)/ 1,0y Of the samples after the aging to SOH 70% were
calculated and compared to the fresh materials. The intensity
ratio is related to the level of hexagonal stacking order,®
increasing value indicating decreased ordering. The calculated
values are collected in Table 1 and they suggest that the
stacking order decreases in both the materials after re-lithiation.
Furthermore, S—LCO experiences more significant decrease after
re-lithiation compared to D—LCO. This decline is explained by
the structural changes occurring during the aging to SOH 70%
and the following re-lithiation process as indicated by the XRD
patterns in Figure 1.

The Raman spectroscopy results support the observations
done from the XRD diffractograms. Figure 2 shows that the
characteristic modes of e; and a,, for hexagonal LiCoO, at 485
and 595 cm™, respectively, are observed in the fresh and the
formatted samples of S—LCO and D—LCO. The ¢, band is caused
by O-Co—O bending vibrations and the a, by Co-O
stretching.®*®"! However, when the materials are aged to SOH
90%, the characteristic bands corresponding to a cubic spinell
(Fd-3 m) phase at 460, 506, 602 and 670 cm™' become more
prominent than the LiCoO, bands, and at SOH 70% only the
spinel bands are visible. These spinel modes are observed in the
formatted D-LCO sample as well and correspond to e, f, fzzg
and g, respectively. The observed spinel bands are typical for
both the Co;0, and Fd-3 m phase of Li,CoO, (x=0.5), and
therefore it cannot be definitely determined which of the
materials is present. The formation of the spinel has been
reported in studies investigating the aging of LiCo0,,“**® and
therefore its appearance in the SOH 90% and SOH 70%
samples is expected. The disappearance of the e, and a,; bands
of LiCoO, is explained by their behavior upon cycling. Raman
studies investigating the lithium intercalation/deintercalation in
LiCoO, have shown that the intensity of the e, and a,, bands
decreases notably when Li is extracted from the structure. This
is due to the increasing conductivity of the material which
results in the reduced optical skin depth of the laser
beam %% The laser beam has been reported to have the
penetration depth of around 50-100 nm using a 514.5 nm
green laser beam.”” Therefore, it can be concluded that the
particles are measured only relatively close to surface (particle
diameter is 16 pm as shown below by SEM) where the structural
changes can be assumed to be stronger. Combined with the
decreasing intensity of the LiCoO, bands, mostly spinel bands
are observed in the data even if most of the sample still is
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delithiated LiCoO,. Indeed, the XRD results show that while
there are changes in the lattice, LiCoO, does not decompose
upon aging. Similar behaviour has also been observed in
previous studies.®®® The appearance of the spinel bands in the
formatted D—LCO is explained by the smaller primary particles
observed in our previous study:*? The smaller particles lead to
higher surface area and thus the larger appearance of the
lithium-vacant structures formed during the formation.

The peaks are also observed to move to smaller wave-
number upon aging, which is related to changes in the
chemical bond length of the material with a smaller wave-
number indicating a longer bond. Therefore, the shift upon
aging indicates the lengthening of the chemical bonds within
the investigated LCOs. This is in agreement with the observed
increase in the lattice parameter ¢ in the XRD results, and it
further confirms the Li loss in the aged materials. The re-
lithiated samples show similar results to the fresh ones with
two clear bands of hexagonal LiCoO, at 485 and 595 cm™', and
only a very small band at 670 cm™". As a low amount of the
spinel phase is observed in the fresh materials as well, the
670 cm™' band can be concluded not to be formed during the
aging of the electrodes. This supported by XRD indicates that
the original hexagonal structure of LiCoO, is restored upon the
re-lithiation.

To further elucidate the structure of the reverted active
materials, the energy loss spectra of cobalt L edges for the re-
lithiated materials acquired in the EELS measurements are
presented in Figure 3. The L edge is sensitive to the valence
state of transition metals.”>”® The L, edge is induced by the
electron transitions from 2p,,, orbital to unoccupied 3d;,,3ds,,
orbital and the L, edge by the transition from 2p,,, orbital to
3d,,, orbital. There is only a little variation observed in the L,
edge position between the samples, the energy loss being
779.6-780.0 eV. Similarly, the L, edge position varies slightly
between 793.7-794.1 eV. Hence, the results suggest that there
are no substantial differences between the samples in the
valence state of cobalt.

The method by Wang etal” is used for the L,/L,-edge
intensity ratio calculations from the EELS measurements. This
ratio is related to the unoccupied states of the 3d orbital and

‘,\\
N\
/ \ NL3/L2=2.49
« |S-LCOT0%re-Li / SlaRee-tal
£ R disa- Tl |
=
£ |sLco%re-li /|
I\ A
> ! X [’ \
> \ ’ .
2 |Sieo /") \ N\ A 4 Lfm Ejf.
] I S o SRS
E T LyL, = 2.66
D-LCO 70% re-Li /Ly
N o LyL, =262
D-LCO 90% re-Li
LyL,=2.63
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Energy loss / eV

Figure 3. EELS spectra of Cobalt L-edge for the pristine and re-lithiated
samples.
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provides information about the valence states.”®”" The higher
intensity ratio indicates a lower valence state and an obvious
difference is observed between S—LCO and D—LCO. The Ly/L,
intensity ratios for S—LCO are 2.46-2.49 depending on the
sample while they are 2.62-2.66 for the D-LCO samples.
Although these values are within a range typically observed for
cobalt in LiCo0,,"" they also indicate that the valence state of
D-LCO is slightly lower than that of S—LCO. A similar
observation has been done in our previous work.”” The lowered
valence state of cobalt enhances the conductivity of the
material while its presence is attributed to the Mg—Ti doping. It
is also observed that there is no difference between the fresh
materials and the re-lithiated samples, which further supports
the observations that the materials can be recovered to their
original forms with the electrochemical re-lithiation.

The SEM images of the investigated electrodes are
presented in Figure 4 to visualize changes in the morphology
induced by the aging and re-lithiation. Both S—LCO and D—LCO
have the mean secondary particle size of approximately 16 um
as seen in the images taken after the cell formatting (Fig-
ure 4a,d). However, D—LCO seems to have prominent primary
structure, while in S—LCO a secondary particle consists of only a
few primary particles. After cycling S—LCO to SOH 90%, a few
cracks can be observed (Figure 4b), and similar behavior is
visible at SOH 70% (Figure 4c) as well. However, it should be
noted that most of the particles look relatively unchanged. The
cracking of the particles is not observed for the D—LCO particles
during the cycling (Figure 4e,f). However, small slits between
the particles and the surrounding binder are observed, which
indicates that volume changes during the delithiation/lithiation
process have taken place in the material. In the re-lithiated
materials, no additional cracks are observed while the primary
structure observed in the formatted and aged samples is also
still well visible. The results further verify that the LCO particles
retain most of their initial properties after the electrochemical
re-lithiation.

While the focus of this study is on the positive electrode,
some attention should be paid to the negative graphite
electrode of the pouch cells. To investigate the loss of lithium,
atomic absorption spectrometry (AAS) was used to measure the
amount of Li in the graphite electrodes and the results are
summarized in Table S2 in the Supporting Information. The
amount of lithium in the graphite electrodes is observed to
increase with the pouch cell aging indicating that lithium is
indeed lost to graphite during the aging. It should also be
noticed that the amount of lithium lost in S—LCO is larger than
the amount lost in D—LCO suggesting that the thickening of the
SEl layer is faster in the pouch cells with the former positive
electrodes. The phosphor concentration in the graphite electro-
des is found out to increase upon the pouch cell aging. This
supports the observations about the thickening SEI layer, as it
indicates the decomposition of the phosphor containing
electrolyte salt.

Reuse of the re-lithiated LiCoO,s

To investigate the electrochemical properties of the aged LCO
materials, positive electrodes were extracted from the cycled
full cells and reassembled in half cells. In the voltammograms,
the first cyclic voltammetry (CV) cycle represents the amount of
lithium in the aged electrode and the second CV cycle the
result of the re-lithiation in the aged electrode. Three peaks
during both the Li insertion and extraction scans are observed
for S—LCO and D—LCO (Figure 5). The largest peak at 3.96/3.87 V
is caused by the lithium deintercalation/intercalation reaction in
the two-phase domain. The two smaller peaks at 4.06 and
420V originate from Li-ion ordering within the LiCoO,
structure, the symmetry turning from rhombohedral to mono-
clinic during the first peak and then back to rhombohedral
during the second peak. The peaks are sharper for the fresh
samples compared to the electrodes extracted from the cycled

Figure 4. SEM images of S—LCO (a) after formation, (b) at SOH 90 %, (c) at SOH 70%; (d) re-lithiated SOH 90 %, (e) re-lithiated SOH 70 %; D—LCO (f) after
formation, (g) at SOH 90%, (h) at SOH 70 %; (i) re-lithiated SOH 90% and (j) re-lithiated SOH 70 %. Scale bars: 20 pm
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Figure 5. CV plots of (a) S—LCO at SOH 90 %, (b) S—LCO at SOH 70 %, (c)
D—LCO at SOH 90% and (d) D—LCO at SOH 70% in the voltage range of 3.0-
4.5V compared to the CV plots of the fresh samples.

cells, especially S—LCO at SOH 70%. There are two possible
explanations for this. First, the peak broadening could indicate
that the resistances of the electrodes increase during the
cycling. Secondly, the fresh samples have not been collected
from pouch cells but prepared for this measurement. While the
compositions of the electrodes are the same, the used
conductive carbon is different and the active material loading is
lower in the fresh sample (8.0 mgcm™ for the fresh, 11.0-
145 mgcm™ for the aged sample), which could lead to
differences in the cell resistance.

It can also be observed in Figure 5 that the first scan of the
electrodes extracted from the full cells shows considerably
lower lithium extraction peak than the second cycle. As the
integrated area of the current-voltage plot corresponds to the
capacity of the investigated material, it is deducted that the
capacity increases between the first and the second cycle when
the aged materials are cycled in the half cells. The calculated
capacities for the aged materials’ first Li extraction cycle are
148, 104, 160 and 120 mAhg~' for S—LCO SOH 90% and 70%
and D-LCO SOH 90% and 70%, respectively. The recovered
capacities are approximately the same for S—LCO and D-LCO,
around 180 mAhg™', and only slightly smaller than the
corresponding fresh material capacities (184 mAhg™). The
capacity loss of the LCO electrodes cycled in high voltages in
full cells is wusually attributed to irreversible phase
transformations,”*”® Co dissolution,”®”” particle cracking”>”® or
the loss of lithium due to SEI layer formation on the negative
electrode.’’**@ However, as the second scan provides a taller
peak and thus a higher capacity, some of the lost capacity is
clearly recovered during the first Li insertion (i.e., re-lithiation
cycle). In other words, with a fresh metallic lithium counter
electrode, the LCO materials are electrochemically re-lithiated.
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In addition, it is observed that the capacity loss is expectedly
more severe with extended cycling in the full cells. This
indicates that one form of capacity loss in the pouch cells is the
Li loss, which is supported by the AAS results showing increase
in the Li content in the graphite electrode upon aging. Based
on these results, the reusability of the re-lithiated materials is
investigated.

To investigate the reusability of the LCO materials after the
re-lithiation of the aged electrodes, rate capability measure-
ments were performed in two different voltage ranges, 3.0-4.3
and 3.0-4.5 V. The voltage ranges were selected to match the
typical range of LCO (3.0-4.3 V) and the commercially attractive
range of positive electrodes (3.0-4.5 V). The results shown in
Figure 6 indicate that the specific discharge capacity of the
formatted sample is sligtly above 150 mAhg™' with 0.1C
current in the voltage range of 3.0-4.3V, and approximately
180 mAhg™' in the voltage range of 3.0-4.5V for both S—LCO
and D—LCO. When the effect of the aging on the recovery of
S—LCO and D-LCO is compared, it is seen that the initial
capacity of the aged and re-lithiated electrodes is higher for
D—LCO than it is for S—LCO. For example, in the voltage range
of 3.0-4.3V, after aging the pouch cells to SOH 70%, the
specific discharge capacities are 98 and 147 mAhg™' for re-
lithiated S—LCO and D-LCO, respectively. In other words,
D—LCO is able to recover from the aging better than S—LCO,
and therefore, it provides higher specific capacity. Similar results
are seen in the voltage range of 3.0-4.5V as well, the specific
discharge capacities of the re-lithiated materials collected from
the pouch cells aged to SOH 70% being 127 and 177 mAhg™'
for S—LCO and D—LCO, respectively (0.1 C current). These results
differ slightly from the CV results presented in Figure 5 as the
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Figure 6. Rate capabilites of the LCO electrodes recovered from the aged
pouch cells and re-lithiated. (a) S—LCO in the voltage range of 3.0-4.3 V, (b)
S—LCO in the voltage range of 3.0-4.5 V, (c) D—LCO in the voltage range of
3.0-4.3 V and (d) S-LCO in the voltage range of 3.0-.5 V.
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CV suggested similar capacity recovery for both S—LCO and
D—LCO during the re-lithiation. However, the second cycles of
the CVs have been measured with the low scan rate of
0.02 mVs™' corresponding to the C-rate of app. 0.05C. The
higher C-rate at the rate capability measurements can partially
explain the difference. In addition, the capacity retention of the
aged S—LCO after the re-lithiation can be observed to be very
poor in Figure 6b suggesting the poor cyclability of this
recovered material. Here, the difference in the recovered
capacities indicates irreversible capacity loss in the material,
most likely caused by the degradation of the electrode. The
XRD results (Table 1) show that after the re-lithiation S—LCO has
poorer stacking order compared to D—LCO, and this could
explain the differences in the recovered capacities. Moreover,
the degradation might also have occurred in the electrode
additives instead of the active materials, which is discussed
more in the electrochemical impedance spectroscopy (EIS)
section.

There is a difference between the rate capability properties
of the re-lithiated S—LCO and D-LCO as well. The specific
discharge capacities with 4 C current are 61 and 0 mAhg™' for
formatted S—LCO in the voltage ranges of 3.0-4.3 and 3.0-4.5V,
respectively, while they are 131 and 163 mAhg™' for formatted
D—LCO in the same voltage ranges. Based on Figure 6, the
decrease in the rate capability properties depends on the
material and voltage range. For S—LCO aged to SOH 70%, the
specific discharge current with 4 C is 0 mAhg™' in the voltage
range of 3.0-4.3 V. The drop from 0.1 to 0.2 C is slightly larger
than it is for the formatted sample. However, the decline could
also be caused by the poor cyclability of the material in high C-
rates, which is seen by comparing the parallel discharge
capacities to each other. The performance of S—LCO after the
aging and re-lithiation is even poorer in the voltage range of
3.0-4.5V, the capacity drop between 0.1 and 0.2 C cycles being
more than 30 mAhg™ and the specific discharge capacity
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dropping to 0 mAhg™' already at 1C. The rate capability
properties of D—LCO change less during the aging. The specific
discharge capacities at 4 C for the re-lithiated D—LCOs aged to
SOH 70% are 92 and 142 mAhg™' in the voltage ranges of 3.0-
4.3 and 3.0-4.5V, respectively. The capacity decrease with-
in cycles with the same C-rates is also very small, which
indicates good stability.

At the end of the rate capability test the half cells were
cycled again with 0.2 C to investigate the capacity retention of
the re-lithiated LCOs. D—LCO showed stable performance while
the specific capacity of S—LCO varied more. To investigate the
cyclability of the aged and re-lithiated LCOs more, they were
cycled in half cells using the voltage range of 3.0-4.5V and the
C-rate of 0.5C. The stability of the re-lithiated stoichiometric
and the Mg—Ti doped LCOs aged to SOH 70% is presented in
Figure 7. It is clearly seen that while the initial capacities of the
materials are similar, the capacity retention of D—LCO is good
compared to S—LCO. After 50 cycles, the specific capacity of the
re-lithiated S—LCO is 0 mAhg™' while it is 125 mAhg™' for
D—LCO. In Figure 7a the relative discharge capacity retention of
the re-lithiated materials is compared to the fresh ones. The
cyclability of the re-lithiated materials are observed to be only
slightly poorer than those of the fresh materials. After 50 cycles,
the capacity retention of re-lithiated D—LCO is 83% while it is
86% for fresh D—LCO. Considering the high cut-off voltage of
the cycling, this result is very promising from the recycling
perspective.

To investigate the processes behind the differences in the
cycle lives, differential capacity was plotted against voltage, as
is seen in Figure 7¢,d. The 10th cycle has been selected for
S—LCO and the 50th cycle for D—LCO as the SOH of these re-
lithiated materials are approximately the same at these cycles
numbers. The main lithiation/delithiation peak is observed to
move to higher voltage upon cycling, which indicates that the
polarization of the electrode increases with the cycle number. It
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Figure 7. Re-cycling of the re-lithiated LCOs aged to SOH 70% compared to the fresh materials. (a) Relative discharge capacity decrease of the re-lithiated
compared to the fresh materials; (b) charge-discharge curves; differential capacity of (c) S—LCO and (d) D—LCO.
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should be noted that while the decrease is small for D—LCO
(0.03V) during 50 cycles, the increase for S—LCO is bigger
(0.10 V) only after 10 cycles.

To further understand the changes in internal resistances
induced by the cycling of the re-lithiated electrodes, the
impedance spectra were measured, and the data is presented
in Figure 8. The complex-plane plots of the three electrode cells
consist of two semicircles at high and middle frequencies and a
straight line at low frequencies. The semicircle at high
frequency is attributed to the interface between the active
material and the current collector.®'®? The larger semicircle at
mid-frequencies corresponds to the charge-transfer resistance
in the investigated electrode. The line at low frequencies
originates from solid-phase diffusion.

The kinetic parameters based on the equivalent circuit
presented in Figure 8a are collected in Table 2. The equivalent
series resistance (Rs) is observed to stay relative similar in all
measurements although the S—LCO values are slightly smaller
than the others. The small differences are most likely caused by
small variations in the cell set-up and minorF errors in data
fitting. The active material/current collector interphase resist-
ance (the high-frequency semicircle) is observed to be larger for
the re-lithiated aged samples than for the fresh materials cycled
to the similar number of cycles. For example, for formatted
S—LCO, the interphase resistance is 11.0 Q while for S—LCO re-
lithiated after aging to SOH 70% the same value is 23.2 Q. The
values for the formatted and aged D—LCO samples are 21.8 and
25.5 Q, respectively. The result indicates that something occurs
on the particle surfaces during the initial cycling that is not
restored during the re-lithiation of the recovered electrodes. In
addition, the authors speculate that the increase in interphase
resistance could possibly be caused by the degradation of the
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Table 2. Kinetic parameters of the investigated re-lithiated LCOs.
Sample Rs R, R,
(€] (€] [Q]
S—LCO form. 1.6 11.0 83.0
S—LCO 70 % re-Li 4.2 232 240
S-LCO 10c¢ 1.7 218 715
S—LCO 70% re-10c¢ 4.6 20.5 7277
D-LCO form. 55 218 30.5
D—LCO 70% re-Li 5.0 255 43.2
D-LCO 50c¢ 3.6 283 109
D—LCO 70% re-50c¢ 5.6 323 177

binder or the conductive carbon in the electrode. This would
lead to decrease in conductivity within the electrode and
therefore increase the active material/current collector inter-
phase resistance in the electrode. The LCO particles could also
lose their contact to the current collector due to multiple
volume changes during the initial cycling. However, due to the
mixed composition of the electrode, this is difficult to verify.
The degradation of the electrode additives would nevertheless
also explain the broadening of the peaks in the CV curves of
the aged materials in Figure 5. The interphase resistance
generally increases slightly upon cycling of the aged materials.
This could be explained by side reactions occurring in the cell,
for example, the formation of surface layers.

The largest changes in the impedance data are observed in
the mid-frequency semicircles. When the re-lithiated material is
cycled, the semicircle increases, and this indicates that the
charge-transfer resistance of the electrochemical reaction
increases. The increase in the semicircle size is much larger for
S—LCO than it is for D—LCO, which indicates that the charge-
transfer resistance increases slower in the aged D—LCO. In our

o $1CO 10c _e——— b
3000] * S-LCOTO0%re-10c o~ °
///
.-
S 30
b T
S 2000 / o /’
g ¥ 2 f
N o ? g
) 7 £
/ N 10 ‘
o .
1000 /
4 o #7
J 0 10 20 30 40
if‘”“ . Zo! Q
0 . : : :
0 1000 2000 3000 4000 5000
Zoa ! Q
100
< D-LCO50c d)
+ DLCO70%re-50c s>y
AT e
¢ # * b
<3 J p s .
.E 50 ,’/3/@/ . .
N s S \
f a *
%
4 X& “
0 ,

260
Zrea/ e

Figure 8. Evolution of the complex-plane diagrams of the aged LCOs in three electrode cells at the SOC of 50% cycled in the voltage range of 3.0-4.5 V. (a)
Stoichiometric LCO after re-lithiation, (b) stoichiometric LCO 10 cycles after the re-lithiation, (c) Mg—Ti doped LCO after the re-lithiation, (d) Mg—Ti doped LCO
50 cycles after the re-lithiation. Experimental data is presented as dots and fitted data based on the equivalent circuit as lines.
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previous work"” the Mg and Ti doping has been found to
enhance the cycle life performance of LiCoO, by decreasing the
charge-transfer resistance growth. Therefore, it is likely that the
same process is behind the enhanced cyclability also after the
re-lithiation followed by the second cycling.

Interestingly, compared to the cycling of the fresh material
the charge-transfer resistance growth of the re-lithiated S—LCO
is huge already after 10 cycles, even when the resistance
growth of the fresh material is larger for S—LCO than for D—-LCO.
On the other hand, while the increase in the charge-transfer
resistance is larger for the re-lithiated than for the fresh D—LCO,
the difference is not excessively large. This is explained by the
XRD analysis. It shows that the bulk structure of the LCOs can
be restored well, but after the re-lithiation the stacking order
decreases in both the materials, more in S—LCO. The poorer
stacking order of the re-lithiated S—LCO compared to the fresh
S—LCO most likely leads to increase in the resistance, inducing
the large growth after only a few cycles. This result shows that
the properties of a material that enhance its performance in the
initial cycling, greatly affect its properties during the second
cycling as well. It also seems that the properties of the materials
affect the second aging more strongly than the first aging.

As a summary, the electrochemical results show that the re-
lithiated D—LCO electrodes show promising rate capability and
cyclability properties although the electrochemical performance
of the re-lithiated electrodes do not quite reach the perform-
ance of the fresh electrode. This would most likely restrict the
use of the electrodes from the most demanding applications.
However, the electrodes perform well and could be used under
less demanding conditions, such as stationary energy storage
for renewable energy production. Compared to the other
reported LCO reuse methods, the slight difference between the
initial and the recovered capacities of the LCOs is the largest
disadvantage of this method. There are several studies in which
the LCO is removed from the current collector, and in which the
capacity is fully recovered.**3*) However, the voltage ranges
and C-rates in these studies are usually lower than in our study,
which could partially explain the difference. In addition, in our
method no steps for separation processes are needed, which
leads to reduced expenses and energy consumption. Material
losses are also minimal due to the scarcity of the separation
processes.

Conclusion

In this work, the reuse of aged Mg—Ti doped and stoichiometric
LiCoO, (LCO) electrodes after electrochemical re-lithiation was
investigated. The materials were aged in LiCoO,/graphite pouch
cells in the voltage range of 3.0-4.4 V and the properties of the
aged electrodes were investigated. After this, the electrodes
were lithiated in half-cells and the performance of the cells was
investigated. The post-mortem analysis of the LCO electrodes
shows that the capacity loss of the LCO materials is caused
mostly by the loss of lithium due to solid electrolyte interphase
layer formation on the graphite electrode. The crystal structure
of the electrodes is restored upon re-lithiation, except for the
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stacking order that is poorer for the stoichiometric S—LCO than
for the Mg—Ti-doped LCO. The re-lithiated Mg—Ti-doped LCO
has an enhanced capacity retention compared to the re-
lithiated stoichiometric LCO. In the reusability tests, it is found
out that the rate capability properties of the aged Mg—Ti doped
LCO vary only a little from the rate capability properties of the
fresh Mg—Ti doped LCO. In the cycling tests, the re-lithiated,
doped LCO has an enhanced capacity retention compared to
the re-lithiated undoped LCO and it is only slightly poorer
compared to the fresh Mg—Ti doped LCO. The poor stacking
order of the re-lithiated S—LCO is concluded to explain the
difference between the materials and the difference to the fresh
electrodes. The possibility of degradation in the electrode
additives is also discussed. It is concluded that an alternative
recycling method for current Li-ion battery electrode recycling
methods could be the electrochemical re-lithiation of a
collected electrode. This would save resources as the LiCoO,
separation process from a binder, conductive carbon and Al
current collector would not be needed. The selection of the
recycled material is important, as a better performing aged
material also performs better after electrochemical re-lithiation.
Mg—Ti doped LCO offers a promising option for this.

Experimental Section

The aged pouch cells contained one negative-positive electrode
pair. Graphite (Hitachi) was used on the negative electrode and the
investigated LiCoO, (LCO) materials (Umicore Finland) on the
positive electrode. The graphite slurry consisted of graphite,
conductive carbon (Timcal Super C65) and polyvinylidene fluoride
(PVDF; Kureha), in the weight ratio of 92:4:4, respectively, and it
was coated on a copper foil with the loading of 6.0-7.2 mgcm™2
The LCO electrode consisted of LiCoO,, conductive carbon and
PVDF in the ratio of 95:2:3, respectively, and was coated on an
aluminum foil with the loading of 11.0-14.5 mgcm 2 N-methyl-2-
pyrrolidone (NMP; BASF, Life Science) was used as a solvent during
the electrode preparation. The size of the graphite electrode was
65 mmx48 mm, the LCO electrode 61 mmx44 mm and the
separator 68 mmx48 mm. 1 m LiPF¢ in 25:70:5 ethylene carbonate
(EC)/diethylene carbonate/propylene carbonate solution with
1 mol% vinylene carbonate and 1 mol% 1,3-propane sultone
doping (Golden Light Hi-Tech Energy Storage Materials, JR-02) was
used as an electrolyte.

The aging of the pouch cells was done with a Neware battery cycler
using the voltage range of 3.0-4.4V and the C-rate of 0.5 C. The
cells were cycled until the desired SOH was achieved. After this, the
pouch cells were dismantled in a glovebox with an argon
atmosphere (¢, <0.2 ppm, Cy,0<0.2 ppm). The electrodes were
separated, rinsed three times in dimethyl carbonate (DMC) solution
for 30 s each, dried and cut into @ 14 mm spherical electrodes for
characterization.

The composition of the LCOs was analyzed with a Thermo
iCAP6500 inductively coupled plasma optical emission spectrome-
ter (ICP-OES). The crystal structures of the electrode samples were
characterized with XRD (PANalytical X'Pert Pro MPD, CuK,-
radiation). The vibration characteristics of the samples were
analyzed via Raman spectrometer (Renishaw, inVia confocal raman
microscope) using a 532 nm argon ion laser as the source of
excitation in the range of 100-3200 cm™". The particle sizes and
morphology in the electrodes were investigated with SEM (Tescan
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Mira-3, in-beam secondary electrons, 5kV). To ensure the con-
ductivity of the samples, they were coated with 80:20 Au/Pd
sputtering. A double-aberration corrected JEOL JEM-2200FS micro-
scope equipped with a 200 kV field-emission gun (FEG) and an in-
column energy filter (Omega filter) was used to perform the EELS
measurements. A Varian AA240 AAS was used to measure the
elemental composition of the graphite electrodes.

To perform the re-lithiation and the electrochemical tests, the @
14 mm electrodes were assembled to half cells using Hohsen 2016
cases. 0.75 mm thick lithium metal foil from Alfa Aesar was used as
a counter electrode, and 1 m lithium hexafluorophosphate (LiPFy)
dissolved in 1:1 EC/DMC solution (BASF, LP30) as an electrolyte. A
Whatman GF/A 0.26 mm thick glass fiber filter was used as a
separator. After the assembly, the cells were left to stabilize for 24 h
before the testing began. CV and galvanostatic measurements were
done in two-electrode cells and EIS measurements in three-
electrode cells.

CVs were measured using an Autolab potentiostat (PGSTAT302 N)
with a GPES software. The voltage range of 3.0-4.5 V and the scan
rate of 0.02 mVs™' were used to measure three cycles per scan rate.
In the re-lithiation of the investigated electrodes, the C-rate of
0.03C was used to charge and discharge the cell once. The
galvanostatic rate capability measurements were done using the
Neware battery cycler. The rate capabilities of the assembled
battery cells were measured in two voltage ranges, 3.0-4.3 and 3.0-
4.5 V. The discharge C-rates used in the program varied from 0.1 to
4.0 C, and the charge C-rate was kept constant at 0.2 C. The C-rates
were calculated using the theoretical capacity of 160 mAhg™'. At
least three parallel samples were measured to ensure the repeat-
ability of the results.

EIS measurements were performed with an Autolab potentiostat
(PGSTAT302 N) using an FRA software. The frequency range was
100 kHz-10 mHz and the alternating potential amplitude was 5 mV.
The measurements were done at the open circuit voltage (OCV)
corresponding to the SOC of 50%, which was determined before
the cycling.

Acknowledgements

This work made use of the Aalto University Otanano and RAMI
infrastructures. The authors wish to thank Dr. Hannu Revitzer for
performing the ICP-OES and AAS measurements and Mr. Eldar
Khabushev for assisting and partially performing the Raman
measurements. The authors also thank Dr. Juho Vilikangas and
Mr. Tuomo Vidhditiitto from University of Oulu for optimizing and
preparing the pouch cells. Financial support from Academy of
Finland, Strategic Research Council (the Profi 5 project) and
Business Finland (the BatCircle project) is also greatly acknowl-
edged.

Conflict of Interest

The authors declare no conflict of interest.
Keywords: Doping - energy conversion - lithiation - lithium-ion

batteries - renewable resources

ChemSusChem 2021, 14, 2434-2444 www.chemsuschem.org

2443

[1] Global Battery Alliance & World Economic Forum: A Vision for a
Sustainable Battery Value Chain in 2030 Unlocking the Full Potential to
Power Sustainable Development and Climate Change Mitigation, 2019.

[2] J. Bobba, S. Carrara, J. Huisman, F. Mathieux, C. Pavel, Critical Raw
Materials for Strategic Technologies and Sectors in the EU A Foresight
Study by European Commission, 2020.

[3] D. J. Garole, R. Hossain, V. J. Garole, V. Sahajwalla, J. Nerkar, D. P. Dubal,
ChemSusChem 2020, 13, 3079-3100.

[4] P.Zhang, T. Yokoyama, O. Itabashi, T. M. Szuki, K. Inoue, Hydrometallurgy
1998, 47, 259-271.

[5] M. Contestabile, S. Panero, B. Scrosati, J. Power Sources 2001, 92, 65-69.

[6] C.K. Lee, K. I. Rhee, J. Power Sources 2002, 109, 17-21.

[7] C. Liu, J. Lin, H. Cao, Y. Zhang, Z. Sun, J. Cleaner Prod. 2019, 228, 801-
813.

[8] B. Wang, X.Y. Lin, Y. Tang, Q. Wang, M. K. H. Leung, X. Y. Lu, J. Power
Sources 2019, 436, 226828.

[9] M. A.H.Shuva, A. Kurny, Am. J. Mater. Eng. Technol. 2013, 1, 8-12.

[10] X. Chen, T. Zhou, Waste Manage. Res. 2014, 32, 1083-1093.

[11] X. Chen, Y. Chen, T. Zhou, D. Liu, H. Hu, S. Fan, Waste Manage. 2015, 38,
349-356.

2] J. Nan, D. Han, X. Zuo, J. Power Sources 2005, 152, 278-284.

13] M. Mladenov, R. Stoyanova, E. Zheheva, S. Vassilev, Electrochem.

Commun. 2001, 3, 410-416.

L. Li, R. Chen, F. Sun, F. Wu, J. Liu, Hydrometallurgy 2011, 108, 220-225.

] B. Wang, X. Y. Lin, Y. Tang, Q. Wang, M. K. H. Leung, X.Y. Lu, J. Power

Sources 2019, 436, 226828.

[16] A. M. Bernardes, D. C. R. Espinosa, J. A. S. Tendrio, J. Power Sources 2004,
130, 291-298.

[17] T. Georgi-Maschler, B. Friedrich, R. Weyhe, H. Heegn, M. Rutz, J. Power
Sources 2012, 207, 173-182.

[18] D. Mishra, D.J. Kim, D. E. Ralph, J. G. Ahn, Y.H. Rhee, Waste Manage.
2008, 28, 333-338.

[19] N. Bahaloo-Horeh, S. M. Mousavi, Waste Manage. 2017, 60, 666-679.

[20] Y. Tang, H. Xie, B. Zhang, X. Chen, Z. Zhao, J. Qu, P. Xing, H. Yin, Waste
Manage. 2019, 97, 140-148.

[21] Y. Kim, M. Matsuda, A. Shibayama, T. Fujita, Resour. Process. 2004, 51, 3—
7.

[22] F. Pagnanelli, E. Moscardini, P. Altimari, T. Abo Atia, L. Toro, Waste
Manage. 2016, 51, 214-221.

[23] D. Dutta, A. Kumari, R. Panda, S. Jha, D. Gupta, S. Goel, M. K. Jha, Sep.
Purif. Technol. 2018, 200, 327-334.

[24] C. Peng, K. Lahtinen, E. Medina, P. Kauranen, M. Karppinen, T. Kallio,
B. P. Wilson, M. Lundstrém, J. Power Sources 2020, 450, 227630.

[25] Y. Shi, G. Chen, Z. Chen, Green Chem. 2018, 20, 851-862.

[26] J. Yu, Y. He, Z. Ge, H. Li, W. Xie, S. Wang, Sep. Purif. Technol. 2018, 190,
45-52.

[27] X. Chen, H. Ma, C. Luo, T. Zhou, J. Hazard. Mater. 2017, 326, 77-86.

[28] D.S. Kim, J.S. Sohn, C.K. Lee, J.H. Lee, K.S. Han, Y. Il Lee, J. Power
Sources 2004, 132, 145-149.

[29] Z. Zhang, W. He, G. Li, J. Xia, H. Hu, J. Huang, Int. J. Electrochem. Sci.
2014, 9, 3691-3700.

[30] Y. He, T. Zhang, F. Wang, G. Zhang, W. Zhang, J. Wang, J. Cleaner Prod.
2017, 143, 319-325.

[31] J. Hu, J. Zhang, H. Li, Y. Chen, C. Wang, J. Power Sources 2017, 351, 192-
199.

[32] C. H. Jo, S. T. Myung, J. Power Sources 2019, 426, 259-265.

[33] L. Zhang, Z. Xu, Z. He, ACS Sustainable Chem. Eng. 2020, 8, 11596-
11605.

[34] Y. Gao, Y. Li, J. Li, H. Xie, Y. Chen, J. Alloys Compd. 2020, 845, 156234.

[35] J. Yang, W. Wang, H. Yang, D. Wang, Green Chem. 2020, 22, 6489-6496.

[36] R. Hausbrand, G. Cherkashinin, H. Ehrenberg, M. Gréting, K. Albe, C.
Hess, W. Jaegermann, Mater. Sci. Eng. B 2015, 192, 3-25.

[37] J. Cannarella, C. B. Arnold, J. Power Sources 2014, 245, 745-751.

[38] T. Waldmann, A. Iturrondobeitia, M. Kasper, N. Ghanbari, F. Aguesse, E.
Bekaert, L. Daniel, S. Genies, I.J. Gordon, M. W. Loble, E. De Vito, M.
Wohlfahrt-Mehrens, J. Electrochem. Soc. 2016, 163, A2149-A2164.

[39] L. Zhang, L. Wang, C. Lyu, J. Li, J. Zheng, Energies 2014, 7, 6282-6305.

[40] J. Li, E. Murphy, J. Winnick, P. A. Kohl, J. Power Sources 2001, 102, 294-
301.

[41] T. Guan, S. Sun, F. Yu, Y. Gao, P. Fan, P. Zuo, C. Du, G. Yin, Electrochim.
Acta 2018, 279, 204-212.

[42] M. Klett, R. Eriksson, J. Groot, P. Svens, K. Ciosek Hogstrom, R.W.
Lindstrom, H. Berg, T. Gustafson, G. Lindbergh, K. Edstrom, J. Power
Sources 2014, 257, 126-137.

- =
T

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH


https://doi.org/10.1002/cssc.202100629

Chemistry

Full Papers Europe -
ChemSusChem doi.org/10.1002/cssc.202100629 Socmies busehing
[43] B. Stiaszny, J. C. Ziegler, E. E. KrauB3, J. P. Schmidt, E. Ivers-Tiffée, J. Power [64] C. M. Julien, A. Mauger, Mater. Sci. 2018, 5, 650-698.
Sources 2014, 251, 439-450. [65] E. Flores, P. Novék, E. J. Berg, Front. Energy Res. 2018, 6, 1-16.

44

[45

[46

[47

[48

[49

[50
[51

[52]

[53
[54
[55

[56
[57
[58

[59

[60

[61
[62

[63

B. Stiaszny, J. C. Ziegler, E. E. KrauB8, M. Zhang, J. P. Schmidt, E. Ivers-
Tiffée, J. Power Sources 2014, 258, 61-75.

K. Kleiner, J. Melke, M. Merz, P. Jakes, P. Nagel, S. Schuppler, V. Liebau,
H. Ehrenberg, ACS Appl. Mater. Interfaces 2015, 7, 19589-19600.

P. Ramadass, B. Haran, R. White, B. N. Popov, J. Power Sources 2002, 112,
606-613.

Y. Kobayashi, T. Kobayashi, K. Shono, Y. Ohno, Y. Mita, H. Miyashiro, J.
Electrochem. Soc. 2013, 160, A1181-A1186.

T. Waldmann, M. Kasper, M. Wohlfahrt-Mehrens, Electrochim. Acta 2015,
178, 525-532.

K. Lahtinen, T. Rauhala, S. Rasdnen, E. Rautama, T. Kallio, Electrochim.
Acta 2019, 327, 135012.

J. Rodriquez-Carvajal, Physica B Condens. Matter 1993, 92, 55-609.

H. Ben Yahia, M. Shikano, H. Kobayashi, Chem. Mater. 2013, 25, 3687-
3701.

C.N. Zaheena, C. Nithya, R. Thirunakaran, A. Sivashanmugam, S.
Gopukumar, Electrochim. Acta 2009, 54, 2877-2882.

S. Shi, C. Ouyang, M. Lei, W. Tang, J. Power Sources 2007, 171, 908-912.
R. D. Shannon, Acta Crystallogr. Sect. A 1976, 32, 751-767.

G. G. Amatucci, J. M. Tarascon, C. Klein, J. Electrochem. Soc. 1114, 143,
657-89.

S. Venkatraman, A. Manthiram, Chem. Mater. 2002, 14, 3907-3912.

R. Gupta, A. Manthiram, J. Solid State Chem. 1996, 121, 483-491.

J. T. Hertz, Q. Huang, T. Mcqueen, T. Klimczuk, J. W. G. Bos, L. Viciu, R. J.
Cava, Phys. Rev. B 2008, 77, 075119.

S. Sivaprakash, S. B. Majumder, S. Nieto, R.S. Katiyar, J. Power Sources
2007, 170, 433-440.

M. Inaba, Y. Iriyama, Z. Ogumi, Y. Todzuka, A. Tasaka, J. Raman Spectrosc.
1997, 28, 613-617.

C. Julien, Solid State lonics 2000, 136-137, 887-896.

J. Tan, Z. Wang, G. Li, H. Hu, J. Li, R. Han, D. Zhang, Materials 2021, 14,
1-10.

A. Yano, M. Shikano, A. Ueda, H. Sakabe, Z. Ogumi, J. Electrochem. Soc.
2017, 164, A6116-A6122.

x

6] Y. Matsuda, N. Kuwata, T. Okawa, A. Dorai, O. Kamishima, J. Kawamura,
Solid State lonics 2019, 335, 7-14.

[67] R. Baddour-Hadjean, J.-P. Pereira-Ramos, Chem. Rev. 2010, 110, 1278-

1319.

S.Zhu, Y. Qin, J. Zhang, Int. J. Electrochem. Sci. 2016, 11, 6403-6411.

https://www.azonano.com/article.aspx?ArticlelD =3053, n.d.

D. H. Pearson, C. C. Ahn, B. Fultz, Phys. Rev. B 1993, 47, 8471-8478.

Z.L.Wang, J. S.Yin, Y. D. Jiang, Micron 2000, 31, 571-580.

Z. Zhang, Ultramicroscopy 2007, 107, 598-603.

I. Honma, M. Okubo, J. Kim, T. Kudo, H. Zhou, J. Phys. Chem. C 2009, 113,

15337-15342.

[74] T. Ohzuku, A. Ueda, J. Electrochem. Soc. 1994, 141, 2972-2977.

[75] H. Wang, Y. Jang, B. Huang, D.R. Sadoway, Y. Chiang, J. Electrochem.
Soc. 1999, 146, 473-480.

[76] G. Amatucci, J. M. Tarascon, L. C. Klein, Solid State lonics 1996, 83, 167-
173.

[771 Y. J. Kim, H. Kim, B. Kim, D. Ahn, J. G. Lee, T.J. Kim, D. Son, J. Cho, Y. W.
Kim, B. Park, Chem. Mater. 2003, 15, 1505-1511.

[78] Y. Kim, G.M. Veith, J. Nanda, R.R. Unocic, M. Chi, N.J. Dudney,
Electrochim. Acta 2011, 56, 6573-6580.

[79] D. Aurbach, B. Markovsky, I. Weissman, E. Levi, Y. Ein-Eli, Electrochim.

Acta 1999, 45, 67-86.

0] D. Aurbach, J. Power Sources 2000, 89, 206-218.

1] H. Zheng, G. Liu, X. Song, V. Battaglia, ECS Trans. 2008, 11, 1-9.

[82] Y.-C. Chang, H.-J. Sohn, J. Electrochem. Soc. 2000, 147, 50.

[e 3K\

8
9
0

NN
—

TIISI oo
N

1
]
]
]
1
]

7

w

Manuscript received: March 26, 2021
Revised manuscript received: April 16, 2021
Accepted manuscript online: April 19, 2021
Version of record online: May 6, 2021

ChemSusChem 2021, 14, 2434-2444 www.chemsuschem.org

2444 © 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH


https://doi.org/10.1002/cssc.202100629

